Abstract: N-continuous symbol padding orthogonal frequency division multiplexing (NCSP-OFDM) is a modulation technique for sidelobe suppression, which adds the correction symbol only into the guard interval to enable the seamless connection of OFDM symbols. NCSP-OFDM requires the calculation of an inverse matrix per channel estimation, and so its computational complexity is large. This paper proposes a simple method for the calculation of the inverse matrix. Numerical experiments demonstrate that the proposed method does not affect the error rate performance and effectively reduces the computational complexity. 
Introduction
Orthogonal frequency division multiplexing (OFDM) is adopted in several telecommunications systems because of its high spectral efficiency and robustness against multipath fading. However, there is a problem in that high sidelobes arise from the discontinuity of adjacent OFDM symbols. Various methods of sidelobe suppression have been proposed [1, 2, 3, 4] . N-continuous OFDM [5] is a precoding method to seamlessly connect OFDM symbols up to the high order derivative for sidelobe suppression, which is suitable for suppressing out-of-band radiation. This precoding method modifies the whole of OFDM symbol by inserting the correction symbol into data symbols and it degrades the error rate severely as increasing the continuous derivative order. Although Ref. [5] has proposed an iterative algorithm to remove the correction symbol, the receiver must use it many times per received symbol to achieve practical error rate performance, so this leads to increases the computational complexity. Orthogonal precoding [6, 7] does not degrade the error rate, however, it sacrifices the data rate so as to consume some subcarriers, and has the enormous computational complexity.
We have proposed N-continuous symbol padding OFDM (NCSP-OFDM) [8] to improve the error rate of N-continuous OFDM without data rate reduction, in which the correction symbol is added only into the guard interval to enable the seamless connection of OFDM symbols up to high order derivative. In the NCSP-OFDM, the sidelobe supression performance is identical to that of N-continuous OFDM, and the receiver does not require the iterative algorithm because the correction symbol does not leak to the body of OFDM symbol following the guard interval. The computational complexity of the demodulation is certainly reduced, compared with the conventional N-continuous OFDM and orthogonal precoding. However, NCSP-OFDM requires the calculation of an inverse matrix per channel estimation for its demodulation. Therefore, this computational complexity should be reduced.
In this paper, we propose a simple method for calculating the inverse matrix: the inverse matrix is expanded in a Neumann series and approximated by neglecting higher-power terms. In section 2, we explain NCSP-OFDM. In section 3, we propose a method to reduce the computational complexity in the receiver of NCSP-OFDM. In section 4, we evaluate the effectiveness of the proposed method by numerical experiments, and in section 5 we conclude this paper.
NCSP-OFDM

Transmission
The precoding of NCSP-OFDM [8] corrects the symbols in the guard interval to be N c -continuous to the preceding and following symbols.
The OFDM signal is written as
where T s is the OFDM symbol duration and T g is the guard interval length. The ith NCSP-OFDM symbol s i ðtÞ is expressed as
where d i;k are the results of precoding information symbol d i;k 2 C (C is a symbol constellation), K ¼ fk 0 ; . . . ; k KÀ1 g is a set of data subcarrier indices, and K is the number of subcarriers. The symbol s i ðtÞ satisfies the following constraints so that the symbols in the guard interval are continuous with both the preceding and following symbols at the connecting boundaries until the N c -th order derivative: T and the modified
T as the solution of (2) and (3), such that
where
X represents the Moore-Penrose pseudoinverse of X, A is an
and ¼ À2T g =T s .
The discrete expression of s i ðtÞ can be expressed in matrix form as
N is the number of samples for the body of one OFDM symbol (FFT points), and L ¼ NT g =T s is the guard interval sample length assumed to be longer than maximum delay spread in this study.
Reception
Assuming that the channel is time-invariant and can be estimated perfectly, the received symbol in time-domain can be expressed as r i ¼ Hs i þ n i , where H is an N Â ðN þ LÞ Toeplitz matrix that expresses the channel characteristics in the timedomain, n i is a complex-valued zero-mean Gaussian noise vector. Then the receiver performs FFT-demodulation to generate the frequency-domain symbolr i ¼ Dr i , which is still affected by the channel characteristics and the precoding in NCSP-OFDM. In Ref.
[8], the detected data symbolsd i ¼ ½d i;k 0 ; . . . ;d i;k KÀ1 T are obtained from the hard decisiond i;k ¼ arg min d2C fjd i;k À dj 2 g against the demodulated symbol
is a diagonal matrix which can be estimated by zero forcing algorithm and
Proposed method
In the receiver of the NCSP-OFDM, ðÃ 0 À Ã 2 PÞ À1 and Ã 2 PÈ H must be recalculated per estimation of channel characteristics Ã 0 and Ã 2 . The computational complexity of ðÃ 0 À Ã 2 PÞ À1 is OðL 3 Þ as described in [8] , and thus the computational load on the receiver is very large and must be reduced. In order to reduce this computational complexity on the receiver, we firstly rewrite the demodulated symbol (8) as
Here we consider an approximation of the inverse matrix Q À1 . This approximation is neglecting higher-power terms in a Neumann series expansion of Q À1 such as
where T ¼ Ã 
Numerical experiments
To evaluate the proposed method, we conducted numerical experiments. We firstly estimated the computational complexity for calculating matrices Q À1 and Ã 2 PÈ H per channel estimation. Fig. 1 shows the comparisons in multiplications and additions. As shown in Fig. 1(a) , the proposed method of m ¼ 2 is worthless at K < 1200 although it is superior to the conventional method at K > 1200. In contrast, the proposed method of m ¼ 1 can drastically reduce the numbers of multiplications and additions. For example, for K ¼ 1200 the proposed method of m ¼ 1 requires only 1% of the multiplications and 2% of the additions of the conventional method. Next, we investigated error rate performance of the proposed method. Fig. 2 show the bit error rate (BER) in two types of multipath fading channel models [9] : typical urban channel model (TUx) supposes many paths and a low attenuation rate, while rural area channel model (RAx) supposes few paths and a high attenuation rate. In this experiment, subcarriers are modulated with 16-QAM, ðN; K; LÞ ¼ ð512; 300; 36Þ and ð128; 72; 9Þ, N c ¼ 3, T s ¼ 1=15 ms, T g ¼ 9T s =128, and over-sampling rate is 4. These results indicate that the BER performances of the proposed method of m ¼ 1 is identical to that of the conventional NCSP-OFDM. In other words, the proposed method does not affect the error rate performance.
Lastly, we analyzed the validity of Q À1 ' I K of (11) at m ¼ 1 to confirm the performance of the proposed method. Fig. 3 shows the distribution of the absolute values of each element of Q À1 À I K from randomly generating 1,000 channels of TUx and RAx, respectively. In Fig. 3 , when K ¼ 72, for example, the mean value is equal to 1:10 Â 10 À3 and the number of elements of Q À1 À I K with larger absolute values than 10 À1 is only 2:37 Â 10 À2 % and most of the rest are much smaller than 1. From this analysis, the results eventually show that Q À1 is very close to I K both in these practical fading channels. Therefore the proposed method of m ¼ 1 has the performance identical to that of the conventional method. 
Conclusion
In this paper, we have proposed a simple method for calculating the inverse matrix per channel estimation, which involves a Neumann series expansion and an approximation that neglects higher-power terms. The experimental results indicated that the inverse matrix can be approximated by the unit matrix and that the proposed method does not degrade the error rate performance and effectively reduces the computational complexity. 
